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We have searched for the avor-changing neutral current decay b !

Xs�
+�� in p�p collisions at

p
s =1.8 TeV with the D� detector at Fermi-

lab. We determine the 90% con�dence level limit for the branching fraction

to be B(b! Xs�
+��) < 3.2�10�4. We argue that this limit is more stringent

than the best published limit on this decay rate.

PACS: 13.25.Hw, 13.30.Ce

In the Standard Model of electroweak interactions (SM) the decay processes b! Xs�
+��

(where Xs stands for a hadronic state containing a strange quark) and B0 ! �+�� are for-

bidden at tree level and are possible only through loop diagrams. The largest contributions

to the branching fraction for these processes come from diagrams involving the top quark

and therefore the predicted branching fractions depend on the top quark mass. The \rare"

avor-changing neutral current (FCNC) decays are expected to be more frequent for b quarks

than for strange quarks. The b! c transition is suppressed by jVbcj = O(10�1) while loop

corrections are large due to jVtbj � 1 and the large top quark mass, mt. At mt= 170

GeV/c2, the SM expected branching fraction [1,2] for the semi-inclusive decay b! Xs�
+��

is 6�10�6.

Extensions to the minimal Standard Model which allow new particles contributing to the

higher order corrections, such as fourth generation quarks, charged Higgs bosons or super-

symmetric particles, provide additional possible sources of FCNC. Precision measurements

of rare b decay rates thus extend the new physics discovery potential beyond direct searches.

We describe a search for such decays in the data collected with the D� detector [3] during

the 1994{1995 Fermilab Tevatron run. The data correspond to a total integrated luminosity
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of L = 50.0 � 2.7 pb�1.

Dimuon events are selected by requiring two muons in the central muon system, at both

hardware and software trigger levels [4]. We select events containing an oppositely charged

muon pair with the invariant massM�� < 7 GeV/c2, transverse momentum p��T > 5 GeV/c,

and pseudorapidity j���j < 0.6. The muons are required to have a transverse momentum p�T

> 3.5 GeV/c and pseudorapidity j��j < 1.0.

Both muon trajectories are required to be consistent with the reconstructed vertex posi-

tion and to have a matching track in the central detector. There must be appropriate energy

deposition along the muons' path in the calorimeter. The total number of events satisfying

the above criteria is 1564.

The dimuon mass spectrum of these events is shown in Fig. 1. In addition to the J= 

resonance, the major known sources [5] of dimuons for M�� < 7 GeV/c2 are: (1) b�b and c�c

events with both heavy quarks decaying semileptonically or with a sequential semileptonic

decay b ! c + �, c ! s + �; (2) the case where one muon comes from a b or c decay and

the other from the decay of a � or K meson, and (3) virtual photon decays (the Drell-Yan

process).

The curve in Fig. 1(a) shows the results of a maximum likelihood �t of a sum of the

J= signal and processes (1){(3) to the dimuon mass spectrum in the range 1 < M�� <

7 GeV/c2. By J= signal we mean the J= plus an admixture of  0. We use the ratio

N( 0)/N(J= ) = (6�2)%, based on the recent results from the CDF collaboration [6,7],

corrected for the mass dependence of the kinematic acceptance for dimuons at D�. The  0

mass is assumed to be higher than the J= mass by 0.59 GeV/c2 [8], and its width is assumed

to be 20% larger than the J= width. The normalized M�� distributions for processes (1){

(3) were obtained by �tting the corresponding Monte Carlo (MC) simulated spectra. We

use a dimuon mass resolution function parametrized by a superposition of two Gaussians,

with the shape determined by �tting MC simulated events of the decay J= ! �+�� and

the mass scale allowed to vary. For a �ve parameter �t to 60 bins in Fig. 1(a), we obtain

�2(55)=56. The overall quality of the �t gives us con�dence in the simulation of the dimuon
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mass resolution and the contributing physics processes.

The search for the decay b ! Xs�
+�� is performed in the mass window 3.9 < M�� <

4:9 GeV/c2. This mass range is above most of the known sources of dimuons and hence

constitutes the region of maximum sensitivity to the b ! Xs�
+�� decay. Although we

do not identify the strange particle among the hadrons originating from the b decay, we

assume that the decay b ! Xs�
+�� dominates over the corresponding CKM-suppressed

decay b! Xd�
+��.

We observe 56 events in our search window, where 68�2(stat.)�4(syst.) are expected

from the �t. We thus �nd no evidence for an excess of events to be attributed to the

decay b ! Xs�
+��. To estimate the systematic error, we have performed alternative �ts,

changing within their uncertainties the width and skewness of the dimuon mass resolution

function and mass scale, as well as the mix of backgrounds. MC studies of 10,000 simulated

experiments, with the background composition as obtained in the �t to the data, indicate

that the probability of obtaining 56 events in a given experiment where 68�5 events are

expected is 12%. The contribution to the �2 from the 10 bins within the search window is

7.3.

We follow two independent ways of relating the observed number of events in the search

window to the expected b quark yield. First, we use the absolute normalization to the

inclusive b quark production cross section. The result depends on the assumed b cross section,

on the b production model and on the estimates for the trigger and o�ine reconstruction

e�ciencies. A similar method has been employed previously by the UA1 Collaboration [9].

In the alternative approach, we normalize to the observed J= signal, where the uncertainties

in the variables used in the denominator of Equation (1) largely cancel. The result of the

latter method depends on the knowledge of the fraction of J= events that originate from b

decays, and on the branching fraction for the decay sequence b! XsJ= ; J= ! ��.

In the �rst approach, the branching fraction for the decay b! Xs�
+�� is given by

B(b! Xs�
+��) =

N

2 � �(b) � L � �
; (1)
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where N is the number of events due to this decay, �(b) denotes the inclusive b quark

production cross section for pT (b) > 6 GeV/c and rapidity jy(b)j < 1, and � is the combined

kinematic acceptance and trigger and o�ine reconstruction e�ciency.

The inclusive b quark production cross section for pT (b) > 6 GeV/c and jy(b)j < 1 is

�(b) = 7.2 � 1.8 �b. This estimate results from a �t to a compilation of D� measurements

[10] of the integrated, inclusive b production cross section at pT (b) > pmin
T .

The calculation of � proceeds by multiplying the theoretical mass spectrum [2], normal-

ized to unity, by the mass-dependent detection e�ciency, convoluting the detector resolution,

and integrating the resulting distribution over the search window. The simulated mass spec-

trum including the detector response is compared to the input distribution from Ref. [2] in

Fig. 2.

The mass-dependent dimuon detection e�ciency is determined from events with b quarks

generated with the ISAJET program [11] in the lowest order QCD approximation. Quarks

that satisfy the above kinematic requirements are fragmented according to the Peterson

fragmentation model [12]. We adjust the value of the fragmentation parameter �b to obtain

the dimuon transverse momentum spectrum that matches the pT spectrum of J= coming

from b quark decay, measured by the CDF Collaboration [6].

To expedite the simulation procedure, preselection cuts (called K) of p�T > 3 GeV/c and

j��j < 1.0 are applied to both muons. The acceptance A(M��) for this preselection increases

with M��. It is determined by studying MC samples of the decay b ! Xs�
+�� generated

at various values of M��. At the parton level, the decay b ! Xs�
+�� has the same �nal

state as the b decay to J= , as illustrated in the diagrams below:

b s
u; c; t

W

�

�

b

s

J= 
c

�cW

�

�

Therefore, we use \J= + Xs", simulated according to Ref. [11], as a model for the
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�nal state of the decay b ! Xs�
+�� by substituting various discrete values for the J= 

mass. At M�� = 4.1 GeV/c2 we remove multibody channels, keeping the channels J= K

and J= K� with the relative rate 1:2. We �nd the resulting acceptance insensitive to the

number of channels included and their relative rates. We also calculate the acceptance for

the exclusiveB meson decay to a muon pair. The results are �tted with the form A(M��) =

2.9�10�3�M��
2:64. The uncertainty on A(4:1), taken from the di�erence between its values

at �b=0.02 and at �b=0.006, is 20%. The uncertainty of the ratio of A(4:1) to A(3:1) is 5%.

Events that satisfy the muon pseudorapidity and momentumcuts (K) are passed through

a detector simulation, trigger simulation, and o�ine reconstruction programs. We �nd the

e�ect of the trigger and reconstruction e�ciency for those events to be independent of M��.

The trigger e�ciency, corrected for e�ects not included in the simulation, is 0.052 � 0.005.

The e�ciency of the o�ine selection cuts, 0.19 � 0.03, has been obtained by comparing

the total number of J= events passing the dimuon trigger, 3310 � 500, to the number of

triggered J= events that satisfy our o�ine selection cuts, 633 � 45. The product of the

trigger and o�ine selection e�ciencies is �det =(1.0 � 0.2)�10�2.

The integral of the spectrum in Fig. 2(b) over the search window is � = (7.0 � 2.0)�10�5.

The acceptance of the kinematic selection alone, including the selection (K) and the mass

cut, is (7.0 � 1.4)�10�3.

The J= signal allows an alternative normalization, to the J= yield due to the b quark

decay, Nb!J= . The ratio of the kinematic acceptance A(M��) integrated over the search

window to A(3:1) is � = 0.123 � 0.006. From the total number of J= events in our dimuon

sample, 633 � 45, and the fraction of J= events originating from b decay, fb = 0.31 �

0.03 [6,13], the number of J= events coming from b decays is Nb!J= =196 � 23. With the

branching fraction for the decay sequence b ! XsJ= ; J= ! ��, B(b ! J= ! ��) =

(7.0�0.6) � 10�4 [8], we have:

B(b! Xs�
+��) =

N

Nb!J= =B(b! J= ! ��) � �
: (2)

The respective results for the denominators in Eqs. (1) and (2), (5.0 � 1.9)�104 and
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(3.4� 0.5)�104, are consistent. Using the latter by virtue of its smaller systematic error, we

obtain a 90% con�dence level limit of B(b ! Xs�
+��) < 3:2 � 10�4. To derive the limit,

we apply a Bayesian approach in which the observed number of events is compared to the

number of background events in the region of interest. We assume Poisson statistics for the

signal and background and account for uncertainty in the background and in the estimates

of the total cross section and of the dimuon detection e�ciency. We have found the results

to be stable with respect to the choice of the search window by varying the lower and upper

limits of the window within � 50 MeV/c2 and � 200 MeV/c2, repsectively.

The best published limit for this decay ( 5�10�5 ) was set by the UA1 Collaboration [9].

We have attempted to reproduce the UA1 limit and to make the cross-check between their

quoted e�ciency and their J= signal [14]. We have failed to reconcile the two. Instead

of the quoted e�ciency of 0.011 we obtain [15] �UA1 � 5.8�10�4 { lower by a factor � 20.

Di�erences between the theoretical dimuon mass distributions for the decay b ! Xs�
+��,

or in the versions of the ISAJET program that were used here and in Ref. [9], cannot account

for such a large disparity in the results. Using our estimates of their e�ciency we obtain

�1�10�3 as the upper limit on B(b! Xs�
+��) from their experiment.

For the exclusive decay B0 ! �+�� (an unseparated mixture of Bd and Bs decays) we

de�ne the search window as 4.8 < M�� < 5:8 GeV/c2, resulting in the maximum sensitivity

to the signal. The acceptance for this mass window is 0.60 � 0.03. In this process, the two

muons are expected to carry a large fraction of the energy in a cone around the direction

of the parent b quark. To reduce background, we select events whose energy deposition in

the calorimeter in a cone around each muon of radius �R= 0.4 in the pseudorapidity {

azimuthal angle space is less than 8 GeV. The acceptance of the isolation requirement is

0.80 � 0.03.

The mass spectrum for isolated dimuons is shown in Fig. 3(a). We �nd 15 events in the

search region. From a �t to the sum of the J= signal and processes (1){(3), the background

in the search window is estimated to be 15 � 2 events.

The B0 production cross section at pT (B) > 6 GeV and jy(B)j < 1, measured by the
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CDF collaboration [16], is 2.39 � 0.54 �b. The product of the acceptance for kinematic

and geometric restrictions on the two muons coming from the decay of a B0 meson, the

trigger and o�ine reconstruction e�ciency, and the mass and isolation cuts is � = (1.4 �

0.35)�10�3. We obtain a 90% con�dence level limit of B(B0 ! �+��) < 4:0 � 10�5. The

best published limit for this decay is 1.6�10�6, set by the CDF Collaboration in Ref. [16].

The SM prediction is 1.5�10�10. We estimate [17] that the limit published by the UA1

collaboration in Ref. [9] should be shifted upward by about a factor of four.

In conclusion, we have conducted a search for the FCNC decays b ! Xs�
+�� and

B0 ! �+��. We �nd no evidence for either decay. For the semi-inclusive decay b! Xs�
+��

we set a 90% con�dence level limit of B(b ! Xs�
+��) < 3:2 � 10�4. In view of our

observations we conclude [18] that this limit is more stringent than the best published limit

on this decay rate. The SM prediction is 6�10�6.

We thank the sta�s at Fermilab and collaborating institutions for their contributions

to this work, and acknowledge support from the Department of Energy and National Sci-

ence Foundation (U.S.A.), Commissariat �a L'Energie Atomique (France), State Committee

for Science and Technology and Ministry for Atomic Energy (Russia), CNPq (Brazil), De-

partments of Atomic Energy and Science and Education (India), Colciencias (Colombia),

CONACyT (Mexico), Ministry of Education and KOSEF (Korea), CONICET and UBACyT

(Argentina), and CAPES (Brazil).

� Visitor from Universidad San Francisco de Quito, Quito, Ecuador.

y Visitor from IHEP, Beijing, China.

[1] A. Ali, DESY preprint 96-106/1996, unpublished.

[2] O. Baer and N. Pott, Phys. Rev. D 55, 1684 (1997).

[3] D� Collaboration, S. Abachi et al., Nucl. Instrum. Methods A 338, 185 (1994).

11



[4] M. Abolins et al., Nucl. Instrum. Methods A 289, 543 (1990);

M. A. C. Cummings, D. Hedin and K. Johns, Proceedings of the Workshop on B Physics at

Hadron Accelerators, Snowmass, CO, p. 537 (1993);

M. Fortner et al., IEEE Transactions on Nuclear Science, 38, 480 (1991).

[5] D� Collaboration, S. Abachi et al., Phys. Lett. B 370, 239 (1996).

[6] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 79, 572 (1997).

[7] CDF has measured the ratio of cross section times branching fraction for J= and  0 as a

function of pT . Taking the CDF measurement at our mean dimuon pT and accounting for the

M�� dependence of the dimuon detection e�ciency at D�, we obtain the expected ratio of the

number of events of  0 and J= in our sample to be � 0.06�0.02.

[8] R. M. Barnett et al., Phys. Rev. D 54, 1 (1996).

[9] UA1 Collaboration, C. Albajar et al., Phys. Lett. B 262, 163 (1991).

[10] A. Zieminski, Proceedings of the XXXIst Rencontres de Moriond, March 23-30 1996, p.241.

[11] F. Paige and S. Protopopescu, BNL Report No. BNL38034, (unpublished) release 7.27(1997).

[12] C. Peterson et al., Phys. Rev. D 27, 105 (1982).

[13] The value of fb used in this analysis is an interpolation of CDF measurements at p��T = 12

GeV/c.

[14] With �(b) = 2.5 �b and L = 5.3 pb�1, the number of J= events from b decays in the dimuon

channel at
p
s = 630 GeV is �19,000. UA1 observes �250 J= events, �78 of them originating

from b decays. Thus, the apparent e�ciency is �0.0041. This is inconsistent with the value

0.073 (=14713/200000) quoted by UA1 for the e�ciency averaged over a spectrum that peaks

below 3 GeV/c2.

[15] We use the leading order QCD ISAJET simulation at
p
s = 630 GeV, with �b = 0.02, that

12



reproduces the shape of the pT spectrum of J= mesons observed by UA1 in C. Albajar et al.,

Phys. Lett. B 256, 112 (1991). For the kinematic cuts of Ref.[9], p�T > 3 GeV/c and p��T > 7

GeV/c, we obtain the acceptance A(3:1) = 0.041. With the apparent overall e�ciency at the

J= mass of 0.0041, the detection e�ciency for accepted events is thus �0.1. For the dimuon

mass spectrum used by UA1, we obtain a kinematic acceptance in the search window 3.9 <

M�� < 4.4 GeV/c2 of 5.8�10�3. This is already two times lower than the overall e�ciency

quoted by UA1. Its product with the detection e�ciency is �UA1 �5.8�10�4, which is � 20

times less than the quoted UA1 e�ciency.

[16] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 76, 2015 (1996). See also CDF Collabo-

ration, Fermilab-Pub-97/397 (1997).

[17] From our ISAJET simulation we obtain the UA1 kinematic acceptance for the fragmentation

process b ! Bo, followed by the decay B0 ! �+��, to be 0.14. With their mass indepen-

dent detection e�ciency of �0.1, the overall e�ect of the kinematic acceptance and detection

e�ciency for this decay then is 0.014. UA1 quotes an e�ciency of 11465/200000 = 0.057.

[18] While this work was nearing completion, the CLEO Collaboration submitted for publication

a 90% con�dence level limit of B(b ! Xs�
+��) < 5:8 � 10�5, S. Glenn et al., \Search for

Inclusive b! sl+l�", CLNS 97/1514, hep-ex/9710003, submitted to Phys. Rev. Lett.

13



FIG. 1. (a) Dimuon invariant mass spectrum. The solid line is the maximum likelihood �t of the

known physics processes to the data (see text); (b) the data points after subtraction of the �tted

values, divided by the �tted values. Only statistical uncertainties on the data points are shown.

The dashed line corresponds to the 90% con�dence level upper limit for the decay b ! Xs�
+��

obtained from the �t. The arrows indicate the search window for the decay b! Xs�
+��.
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FIG. 2. (a) The calculated di�erential branching fraction for the decay b! Xs�
+��, from Ref.

[2] as a function of M�� (multiplied by 0.2 GeV/c2); (b) the same di�erential branching fraction

modi�ed by the response of the D� detector (multiplied by 0.1 GeV/c2). The arrows indicate the

search window used in this analysis.
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FIG. 3. (a) The invariant mass distribution for isolated dimuons. The solid line is the maximum

likelihood �t of the known physics processes to the data (see text); (b) the data points after �t

subtraction divided by the �tted values. The dashed line corresponds to the 90% con�dence level

upper limit for the decay B0 ! �+�� obtained from the �t. The arrows indicate the search window

for the decay B0 ! �+��.
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